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Abstract. 
 
An electrochemical cell for in-situ neutron powder diffraction studies of electrode materials 
for lithium-ion batteries is presented. The device has a coin cell geometry, consisting of 8.4 
cm diameter, circular components that can be stacked together and clamped tight using 
sixteen polyetheretherketone (PEEK) screws. The background issue associated with 
incoherent scattering from hydrogen within the organic electrolyte was addressed by 
replacing the normal electrolyte with a deuterated analogue, significantly improving the 
peak-to-background ratio of the in-situ neutron data. Initial in-situ studies showed clear 
structural evolution within LixCoO2 during charge in a half-cell with lithium metal as the 
counter electrode, in agreement with previous studies. In addition, the in-situ cell was shown 
to provide electrochemical performance comparable to that of equivalent coin cells of the 
commercial design and, following these demonstration studies, is available for in-situ 
structural studies of other lithium cathode and anode materials during charge/discharge 
cycling. 
 
 
1. Introduction. 
 
1.1. Lithium-ion Batteries. 
 
7KHZRUOG¶VHQHUJ\GHPDQGVDUHOLNHO\WREHGRXEOHGWR7:E\ODUJHO\GXHWRJOREDO
SRSXODWLRQJURZWK>@ ,QRUGHU WRVXSSUHVV&2HPLVVLRQVDQGPLQLPL]HJOREDOZDUPLQJ
HIIHFWVHQHUJ\PXVWLQFUHDVLQJO\EHSURYLGHGE\JUHHQHUUHVRXUFHVVXFKDVVRODUDQGZLQG
UDWKHUWKDQIRVVLOIXHOV7KLVLQWXUQUHTXLUHVWKHGHYHORSPHQWRIVXVWDLQDEOHHQHUJ\VWRUDJH
WHFKQRORJLHV 
 
6LQFH WKH GHYHORSPHQW RI WKH ILUVW FRPPHUFLDO FHOOV XVLQJ D FDUERQ DQRGH DQG D /L&R2
FDWKRGH E\ 6RQ\ LQ  >@ OLWKLXPLRQ EDWWHULHV KDYH DWWUDFWHG FRQVLGHUDEOH LQWHUHVW
EHFDXVHWKHLUFRPELQDWLRQRIKLJKVSHFLILFHQHUJ\DQGVSHFLILFSRZHUPDNHVWKHPXQLTXHO\
VXLWDEOH IRU SRUWDEOH HQHUJ\ VWRUDJH V\VWHPV ,QGHHG OLWKLXPLRQ EDWWHULHV DUH D VXLWDEOH
HQHUJ\ VWRUDJH WHFKQRORJ\ WR FRQWULEXWH PRUH ZLGHO\ WR DQ HQHUJ\ VXVWDLQDEOH HFRQRP\
LQFOXGLQJHOHFWULFYHKLFOHV (9DQGJULGDSSOLFDWLRQVRIHQHUJ\KDUYHVWLQJ+RZHYHU WKH
LQFUHDVLQJPDUNHWGHPDQGVSURYLGHDUHOHQWOHVVFKDOOHQJHWRGHYHORSQHZHOHFWURGHPDWHULDOV
ZLWKVWLOOKLJKHUHQHUJ\DQGSRZHUGHQVLWLHVORQJHUF\FOHOLIHPLQLPDOHQYLURQPHQWDOLPSDFW
DQGORZHUFRVW ,QSDUDOOHOVDIHW\LVVXHVDULVLQJIURPWKHXVHRIIODPPDEOHRUJDQLFOLTXLG
HOHFWURO\WHVSURYLGHDVWURQJPRWLYDWLRQWRZDUGVWKHGHYHORSPHQWRIHLWKHULRQLFOLTXLGV>
@ZKLFKDUHVDIHURUVROLGHOHFWURO\WHPDWHULDOVIRUXVHLQDOOVROLGVWDWHEDWWHULHV>@ 
 
&DSDFLW\ IDGLQJ LQ/LLRQEDWWHULHV LV UHODWHG WRFRPSOH[DQG LQWHUUHODWHGSURFHVVHVZKLFK
LQFOXGH FKHPLFDO UHDFWLRQV DW WKH SDUWLFOH VXUIDFH LQ FRQWDFW ZLWK WKH HOHFWURO\WH RU VROLG
HOHFWURO\WHLQWHUIDFH6(,>@DQGRUVWUXFWXUDOFKDQJHVZLWKLQWKHHOHFWURGHPDWHULDOV>@
6XFK LVVXHVDUHDGLUHFW FRQVHTXHQFHRI WKHPDWHULDOVXVHGZLWKLQ WKHFXUUHQW OLWKLXPLRQ
EDWWHULHVDQGKDYHPRWLYDWHGWKHXVHRIQHXWURQSRZGHUGLIIUDFWLRQWRSUREHWKHUHODWLRQVKLS
EHWZHHQHOHFWURFKHPLFDOSHUIRUPDQFHDQGVWUXFWXUDOSURSHUWLHVZLWKLQWKHHOHFWURGHPDWHULDOV
7KHUHDUHDQXPEHURIUHYLHZVZKLFKSURYLGHPRUHGHWDLOHGGHVFULSWLRQV LQFOXGLQJ WKRVH
GHYRWHGWRWKHGHVLJQRILQVLWXHOHFWURFKHPLFDOFHOOVIRUQHXWURQGLIIUDFWLRQ>@WKHZLGHU
WRSLFRIQHXWURQVFDWWHULQJDSSOLFDWLRQVWRVWXG\HQHUJ\UHODWHGPDWHULDOV>@DQGWKHXVHRI
 
 
LQVLWXQHXWURQSRZGHUGLIIUDFWLRQVWXGLHVDFURVVWKHEURDGHUILHOGVRIFKHPLVWU\DQGPDWHULDOV
VFLHQFH>@ 
 
1HXWURQ3RZGHU'LIIUDFWLRQ 
 
3RZGHUGLIIUDFWLRQVWXGLHVXVLQJHLWKHU;UD\RUQHXWURQUDGLDWLRQDUHH[WHQVLYHO\XVHGWR
FKDUDFWHULVH WKH FU\VWDO VWUXFWXUH RI PDWHULDOV HPSOR\HG ZLWKLQ WHFKQRORJLFDO GHYLFHV DQG
DVVHVV FDQGLGDWH QHZ FRPSRXQGV 1HXWURQ SRZGHU GLIIUDFWLRQ SRVVHVVHV D QXPEHU RI
DGYDQWDJHVRYHULWV;UD\FRXQWHUSDUWZKLFKVWHPIURPLWVLQKHUHQWSURSHUWLHV>@7KHVH
LQFOXGHLQFUHDVHGVHQVLWLYLW\WRWKHORFDWLRQVRIOLJKWDWRPVLQWKHSUHVHQFHRIKHDYLHURQHV
DQGRIWHQDEHWWHUDELOLW\ WRGLVWLQJXLVKEHWZHHQQHLJKERXULQJDWRPVZLWKLQ WKHSHULRGLF
WDEOH>@)XUWKHUPRUHDVWKHVFDWWHULQJSRZHUGLIIHUVEHWZHHQGLIIHUHQWLVRWRSHVRIWKHVDPH
HOHPHQWLVRWRSLFVXEVWLWXWLRQFDQEHXVHGWRLQFUHDVHRULQGHHGGHFUHDVHWKHVHQVLWLYLW\RI
WKHWHFKQLTXHWRWKHORFDWLRQVRIFHUWDLQFKHPLFDOVSHFLHV7KHDEVHQFHRIDµIRUPIDFWRU¶IRU
QHXWURQVFDWWHULQJDOVRDOORZVGLIIUDFWLRQGDWDWREHFROOHFWHGWRVKRUWHUGVSDFLQJVZKLFK
FDQEHLPSRUWDQWWRGHWHUPLQHUHOLDEOHLQIRUPDWLRQRQWKHWKHUPDOYLEUDWLRQSDUDPHWHUVDQG
IUDFWLRQDO VLWH RFFXSDQFLHV GXULQJ 5LHWYHOG UHILQHPHQW XVLQJ WKH GLIIUDFWLRQ GDWD )LQDOO\
QHXWURQVFDWWHULQJLVDFRPSDUDWLYHO\ZHDNSURFHVVDQGIRUPRVWQXFOHLDEVRUSWLRQSURFHVVHV
DUHLQVLJQLILFDQW7KXVQHXWURQSRZGHUGLIIUDFWLRQFDQEHXVHGWRLQYHVWLJDWHEXONVDPSOHV
W\SLFDOO\VHYHUDOFPLQVL]HDQGWKHSHQHWUDWLQJSRZHURIQHXWURQVDOVRSHUPLWVVWXGLHVRI
VDPSOHV FRQWDLQHG ZLWKLQ FRPSOH[ FRQWDLQPHQW GHYLFHV 7KLV LV D PDMRU IDFWRU LQ WKH
GHYHORSPHQWRILQVLWXQHXWURQSRZGHUGLIIUDFWLRQWHFKQLTXHVZKLFKIRUPWKHVXEMHFWRIWKLV
SDSHU 
 
1.3. In-situ Studies. 
 
,Q UHFHQW \HDUV WKHUH KDV EHHQ LQFUHDVLQJ LQWHUHVW LQ WKH DSSOLFDWLRQ RI QHXWURQ SRZGHU
GLIIUDFWLRQ PHWKRGV WR SUREH WHFKQRORJLFDOO\ UHOHYDQW PDWHULDOV XVLQJ LQVLWX FHOOV WR
UHSURGXFHWKHFRQGLWLRQVH[SHULHQFHGE\WKHVDPSOHZLWKLQLWVDSSOLFDWLRQ 
 
 
 
7KHUHDUHHVVHQWLDOO\WZRPHWKRGVXVHGWRSURGXFHWKHLQWHQVHEHDPVRIQHXWURQVUHTXLUHG
IRUGLIIUDFWLRQVWXGLHVILVVLRQRIXUDQLXPZLWKLQDQXFOHDUUHDFWRUDQGWKHDFFHOHUDWLRQRI
SURWRQVZLWKLQDV\QFKURWURQZKLFKWKHQERPEDUGDKHDY\PHWDOWDUJHW)RULQVLWXSRZGHU
GLIIUDFWLRQVWXGLHVWKHSRO\FKURPDWLFQDWXUHRIWKH³ZKLWH´EHDPSURGXFHGE\DFFHOHUDWRU
EDVHGIDFLOLWLHVKDVWKHDGYDQWDJHWKDWDGLIIUDFWLRQSDWWHUQFDQEHFROOHFWHGDWIL[HGVFDWWHULQJ
DQJOH Tusing the so-FDOOHG µWLPHRIIOLJKW¶ PHWKRG DQG LQ SUDFWLVH ODUJH DUHD GHWHFWRUV
FRYHULQJ DQ H[WHQGHG Trange are generally used in order to maximize the count rate. 
+RZHYHU LQ UHDOLW\ WKH GHYHORSPHQW RI VXFK VSHFLDOLVHG FHOOV LV QRW VWUDLJKWIRUZDUG DV
LQHYLWDEO\WKHGHVLJQSURFHVVLQYROYHVDFRPSURPLVHEHWZHHQWKHGHVLUHWRFROOHFWWKHEHVW
SRVVLEOH TXDOLW\ RI GLIIUDFWLRQ GDWD DQG WKH QHHG WR PLPLF WKH FRQGLWLRQV IRXQG LQ WKH
WHFKQRORJLFDODSSOLFDWLRQ 
 
$VGLVFXVVHGE\%LHQGLFKRHWDO>@WKHTXDOLW\RIWKHVWUXFWXUDOLQIRUPDWLRQWKDWPD\EH
REWDLQHGGXULQJDQ LQVLWXQHXWURQSRZGHUGLIIUDFWLRQH[SHULPHQW LQWR DEDWWHU\ HOHFWURGH
PDWHULDOLVKLJKO\GHSHQGHQWRQWKHGHVLJQRIWKHFHOODQGWKHFKRLFHRILWVFRPSRQHQWV7KH
W\SLFDO LQFLGHQW IOX[ DW D QHXWURQ VRXUFH LV UDWKHU ORZ HVSHFLDOO\ ZKHQ FRPSDUHG WR
V\QFKURWURQ;UD\VRXUFHVUHTXLULQJWKHXVHRIUHODWLYHO\ODUJHaFPVL]HGVDPSOHV:KLOVW
QHXWURQV FDQ HDVLO\ SHQHWUDWH PHWDO FRQWDLQHUV VXFK FRPSRQHQWV ZLOO SURGXFH DGGLWLRQDO
%UDJJSHDNVZLWKLQWKHPHDVXUHGGLIIUDFWLRQSDWWHUQDGGLQJFRPSOH[LW\WRWKHGDWDDQDO\VLV
SURFHVV)RULQVWDQFHDOXPLQLXPGLIIUDFWLRQSHDNVDVREVHUYHGE\5REHUWVHWDO>@PD\
EHUHGXFHGE\WKHXVHRIDOLJQHGVLQJOHFU\VWDOZDIHUVHJVLOLFRQDVFDVLQJPDWHULDO
>@)XUWKHUPRUHLQRUGHUWRSUREHWKHORFDWLRQVRI+ZLWKLQDQHOHFWURGHPDWHULDOLWLVWKHQ
DGYLVDEOHWRUHSODFH+ZLWKWKHLVRWRSH'LISRVVLEOHWRH[SORLWLWVKLJKHUVFDWWHULQJSRZHU
DQGVLJQLILFDQWO\ORZHULQFRKHUHQWVFDWWHULQJFURVVVHFWLRQZKLFKLQWKHFDVHRIQLFNHOPHWDO
K\GULGH1L0+EDWWHU\VWXGLHVZDVDFKLHYHGE\H[VLWXF\FOLQJRIWKHFHOOSULRUWRLQVLWX
GLIIUDFWLRQ>@/LNHZLVH WKHDPRXQWRI+ZLWKLQRWKHUFRPSRQHQWVHJ WKHHOHFWURO\WH
ZLWKLQWKHFHOOVKRXOGEHPLQLPLVHGRUUHSODFHGZLWKGHXWHUDWHGDQDORJXHVLISRVVLEOH>@
,QWKLVVHQVHDORZFRVWGHXWHUDWHGHWK\ODFHWDWHEDVHGHOHFWURO\WHVXLWDEOHIRULQVLWXQHXWURQ
GLIIUDFWLRQKDVEHHQUHSRUWHGVKRZLQJFRPSDUDEOHHOHFWURFKHPLFDOSHUIRUPDQFHDQGVLJQDO
WRQRLVH UDWLR RI QHXWURQ GLIIUDFWLRQ SDWWHUQV WR PRUH H[SHQVLYH FRQYHQWLRQDO GHXWHUDWHG
HOHFWURO\WHV>@0RVWLPSRUWDQWO\WKHHOHFWURFKHPLFDOSHUIRUPDQFHRIWKHLQVLWXFHOOVKRXOG
 
 
EHVLPLODUWRWKDWRIWKHUHDOFRPPHUFLDOEDWWHU\VRWKDWWKHVWUXFWXUDOLQIRUPDWLRQH[WUDFWHG
FDQEHGLUHFWO\FRPSDUHGWRWKDWIRXQGZLWKLQWKHWHFKQRORJLFDODSSOLFDWLRQV+RZHYHUWKLV
LVQRWVWUDLJKWIRUZDUGVLQFHDQLQVLWXFHOOGHVLJQWKDWVKRZVDJRRGVLJQDOWRQRLVHUDWLRRI
QHXWURQGLIIUDFWLRQSDWWHUQVLVXVXDOO\OLPLWHGWRHOHFWURFKHPLFDOH[SHULPHQWVDWHTXLOLEULXP
FRQGLWLRQV LH VORZ & UDWHV &RQYHUVHO\ LQVLWX FHOOV WKDW RSHUDWH DW QRQHTXLOLEULXP
FRQGLWLRQV LHKLJK&UDWHVXVXDOO\VKRZORZHUVLJQDOWRQRLVHUDWLRVDQGPRVWRIWHQ WKH
VWUXFWXUDO LQIRUPDWLRQ WKDWFDQEHREWDLQHG LV OLPLWHG WR ODWWLFHSDUDPHWHUYDULDWLRQGXULQJ
FKDUJHGLVFKDUJH 7KH FRPSURPLVH EHWZHHQ HOHFWURFKHPLFDO SHUIRUPDQFH DQG GLIIUDFWLRQ
SDWWHUQ TXDOLW\ IRU DQ LQVLWX FHOO LV UDWKHU FRPSOH[ DQG IRU WKDW UHDVRQ LQYHVWLJDWLRQ RI
FRPPHUFLDOO\DYDLODEOHEDWWHULHVE\LQVLWXWHFKQLTXHVKDVUHJDLQHGLQWHUHVWUHFHQWO\>@
HYHQWKRXJKWKHH[WUDFWHGVWUXFWXUDOLQIRUPDWLRQRIHOHFWURGHPDWHULDOVLVOLPLWHGFRPSDUHG
WRWKHXVHRIVSHFLDOO\GHVLJQHGLQVLWXFHOOV 
 
1.4. In-situ Electrochemical Cells.  
 
In-situ electrochemical cells for neutron diffraction experiments can be classified into two 
designs with respect to the layered sheets that build up the battery; cylindrical or planar. The 
firstXVXDOO\FRQWDLQVDZRXQGODPLQDWHPDGHXSRIFDWKRGHDQRGHFXUUHQWFROOHFWRUDQGD
VHSDUDWRUVHDOHGLQWRDEDWWHU\FDVLQJWRSUHVHUYHPRLVWXUHDQGR[\JHQIUHHFRQGLWLRQV$
VLJQLILFDQWQXPEHURIFHOOVKDYHEHHQIDEULFDWHGDQGWHVWHGZLWKWKLVGHVLJQIROORZLQJWKH
ZRUN FRQGXFWHG E\ %HUJVW|P HW DO >@ $ F\OLQGULFDO FHOO ZLWK UROOHGXS FRPSRQHQWV LV
JHQHUDOO\ IDEULFDWHG XVLQJ SULQWHG HOHFWURGHV ZKLFK HQVXUH FRPSDUDEOH HOHFWURFKHPLFDO
UHVXOWV WR WKH RQHV REWDLQHG H[VLWX DW WKH ODERUDWRU\ +RZHYHU WKH DVVHPEO\ RI D ODUJH
F\OLQGULFDOFHOOIRULQVLWXH[SHULPHQWVUHTXLUHVDODUJHDPRXQWRIVHSDUDWRU)RULQVWDQFHa
FPRIVHSDUDWRUIRUJRISULQWHGHOHFWURGH7KLVUHSUHVHQWVDVLPLODULQZHLJKWIRUERWK
DFWLYHPDWHULDODQGVHSDUDWRULQWKHFDVHRIDJODVVILEUHVHSDUDWRUZKLFKLVXVXDOO\SUHIHUUHG
WR3RO\SURS\OHQH33IRULQVLWXH[SHULPHQWV7KHODUJHDPRXQWRIVHSDUDWRUZLWKLQWKHFHOO
LQFUHDVHV WKH LQWHQVLW\ RI WKH EDFNJURXQG VLJQDO LQ WKH QHXWURQ GLIIUDFWLRQ SDWWHUQV RIWHQ
PDVNLQJWKHOHVVLQWHQVHGLIIUDFWLRQSHDNVRIWKHDFWLYHPDWHULDO)LJXUHDVKRZVWKHLQVLWX
FHOORULJLQDOO\SUHVHQWHGE\%HUJVW|PHWDO LQDQGLQEDQXSJUDGHGYHUVLRQZLWKD
ZRXQGW\SH FRQILJXUDWLRQ DV SUHVHQWHG E\ 6KDUPD HW DO >@ 2WKHU FHOOV ZLWK VLPLODU
 
 
FKDUDFWHULVWLFV KDYH EHHQ XVHG WR LQYHVWLJDWH /L)H32 >@ D SHURYVNLWHW\SH HOHFWURGH
/L6U7L1E2>@DQGPRUHUHFHQWO\/L1L0Q2>@ 
 
7KH RWKHU FHOO GHVLJQ XVHG IRU LQVLWX QHXWURQ GLIIUDFWLRQ VWXGLHV LV EDVHG RQ D SODQDU
FRQILJXUDWLRQDQGEDVLFDOO\FRQVLVWVRIOD\HUHGVKHHWVRIFRPSRQHQWVVWDFNHGRQWRSRIHDFK
RWKHU7KLVFRQILJXUDWLRQLVEDVHGRQWKHSRXFKRUFRLQFHOOFRQILJXUDWLRQFRPPRQO\XVHGIRU
H[VLWXEDWWHU\WHVWLQJLQDODERUDWRU\EXWKDVEHHQDGDSWHGWRLQVLWXQHXWURQH[SHULPHQWV
>@2QWKHRWKHUKDQGVSHFLDOO\GHVLJQHGFHOOVKDYHEHHQFRQVWUXFWHGIROORZLQJWKLV
FRQILJXUDWLRQLQRUGHUWRPLQLPL]HWKHFRQWULEXWLRQRIFXUUHQWFROOHFWRUVDQGEDWWHU\FDVLQJ
WRWKHLQVLWXQHXWURQGLIIUDFWLRQSDWWHUQV)LJXUHFVKRZVWKHFLUFXODULQVLWXFHOOGHYHORSHG
E\ WKH 1RYiN JURXS >@ ZKLFK ZDV XVHG WR FKDUDFWHUL]H /L)H32 DW & DQG UHOLDEOH
VWUXFWXUDOLQIRUPDWLRQZDVREWDLQHG2WKHUFHOOVZLWKDVLPLODUJHRPHWU\KDYHEHHQXVHGWR
PRQLWRUWKHVWUXFWXUDOFKDQJHVRI/L&R2 >@/L0Q2>@DQG/L1L0Q&R2
>@ 
 
$VPHQWLRQHGDERYHZHKDYHSUHYLRXVO\SUHVHQWHGDQLQVLWXHOHFWURFKHPLFDOFHOOILJXUH
GWKDWZDVXVHGIRUVWXGLHVRIERWK1L2'DQG0P1L$O0Q&RHOHFWURGHVZKHUH
0P UHIHUV WR PLVFKPHWDO LQ D 1L0+ EDWWHU\ >@ 7KH UHVXOWV ZHUH LQWHUHVWLQJ VLQFH
VWUXFWXUDO LQIRUPDWLRQ REWDLQHG DV D IXQFWLRQ RI EDWWHU\ FKDUJHGLVFKDUJH VKRZHG WKDW WKH
ODUJHVW DPRXQW RI GHXWHULXP FRQWDLQHG DW WKH SRVLWLYH HOHFWURGH GHLQWHUFDODWHV DV D
FRQWLQXRXVVROLGVROXWLRQUDWKHUWKDQE\DSKDVHWUDQVIRUPDWLRQRIWKHKH[DJRQDO1L2+
SKDVHDVFRPPRQO\REVHUYHGE\H[VLWXPHDVXUHPHQWVThe cell demonstrated comparable 
electrochemical performance to commercial Ni-batteries and afforded good diffraction 
patterns in relatively short data collection times. Furthermore, due to its modular 
configuration, we anticipated that other energy systems could be investigated with only minor 
modifications of the components that built up the cell. In this paper, therefore, we have 
investigated the potential application of our design to characterize a Li-based electrode, more 
specifically LiCoO2. The aim is to broaden the spectrum of materials and/or energy which 
can be investigated by the in-situ cell and make it more widely available for users of the 
POLARIS diffractometer at the ISIS neutron spallation source. 
 
 
 
   
2. Experimental. 
 
2.1. In-situ Electrochemical Cell Design. 
 
The electrochemical cell used for in-situ neutron diffraction has a planar design and has been 
presented previously [19]. It consists of 84 mm diameter circular disk-type components: two 
stainless steel clamp rings, two nickel metal windows, two thin nickel metal sheets, one 
separator module and one boron nitride shield. The cell is assembled and stacked using the 
sequence from right hand to left hand shown in figure 2a. Rear and front views of the 
assembled cell with respect to an incident neutron beam are also shown in figures 2b and 2c.  
 
The main body of the cell is constructed of nickel metal and stainless steel alloy rings 
clamped each side of the cell, together using 16 polyetheretherketone (PEEK) screws (figure 
2). The front and back windows of the cell are constructed using nickel metal (1mm thick, 
99.99% purity) with an aperture of 20 mm width u 40 mm height, this being chosen as typical 
of the dimensions of the neutron beam commonly found on neutron powder diffractometers. 
The windows hold nickel metal sheets of around 0.1 mm thickness in place, which hold the 
electrode materials and act as current collectors. The choice of nickel metal for this 
component follows from its relatively simple diffraction pattern, which minimises the 
number of Bragg reflections contaminating the measured diffraction pattern from the in-situ 
cell. ,QSULQFLSOHYDQDGLXPLVDSRWHQWLDOO\XVHIXOPHWDOIRUXVHLQQHXWURQSRZGHUGLIIUDFWLRQ
VWXGLHVDVLWVYHU\ORZFRKHUHQWVFDWWHULQJFURVVVHFWLRQJLYHVULVHWRRQO\ZHDN%UDJJSHDNV
+RZHYHULWVUHODWLYHO\KLJKLQFRKHUHQWVFDWWHULQJFURVVVHFWLRQFRQWULEXWHVWRDQLQFUHDVHG
EDFNJURXQGOHYHODFURVVWKHHQWLUHGLIIUDFWLRQSDWWHUQ)XUWKHUPRUHQLFNHOKDVWKHDGYDQWDJH
RIJRRGFKHPLFDOFRPSDWLELOLW\ZLWKDZLGHUDQJHRIOLTXLGHOHFWURO\WHVThe central part of 
the cell is a 2mm thick insulating separator module with an aperture of the same dimensions 
as the neutron window, which separates the nickel sheets so as to avoid a short circuit. The 
separator module is made of polyoxymethylene, in view of its good chemical resistivity to 
most commonly used liquid electrolytes. The free volume inside the module provides the 
main chamber of the cell, which is filled with cathode, anode and separator. O-rings seals are 
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located in circular grooves on each side of the separator module to avoid leakage of the 
organic electrolyte. Finally, a shield manufactured from boron nitride ceramic is placed at 
the front of the cell, exploiting the high thermal neutron absorption cross-section of boron to 
prevent any part of the incident neutron beam from striking the stainless steel clamp rings or 
the PEEK screws[18].  
 
2.2. POLARIS instrument. 
 
In-situ neutron diffraction data were collected at the Polaris diffractometer [39] at ISIS. 
:KLOVWWKHGLIIUDFWRPHWHUKDVGHWHFWRUEDQNVFRYHULQJDZLGHUDQJHRIVFDWWHULQJDQJOHVT), 
WKHJHRPHWU\RIWKHFHOOPHDQVWKDWWKHEHVWTXDOLW\GLIIUDFWLRQGDWDDUHFROOHFWHGLQWZRRI
WKHILYHGHWHFWRUEDQNVORZDQJOHRdșd RGPD[ 7cDQGEDFNVFDWWHULQJRd 
șd RGPD[ 2.7 Å).Diffraction data were analysed by the Rietveld method using the  
GSAS least-squares refinement software [40]. The Bragg peak profile was described using 
function 3 in GSAS (a convolution of a pseudo-Voigt and two back-to-back exponential 
functions) and only the components of the Gaussian part of the pseudo-Voigt function were 
refined. 
 
2.3. Lithium Cobalt Oxide, LixCoO2. 
 
7KHOLWKLXPFREDOWR[LGH/L&R2XVHGDVFDWKRGHPDWHULDOIRULQVLWXQHXWURQH[SHULPHQWV
ZDVSXUFKDVHGIURP6LJPD$OGULFK,WDGRSWVDUKRPERKHGUDOFU\VWDOVWUXFWXUHVSDFHJURXS
3R mZLWKDOWHUQDWLQJOD\HUVRI&RDQG/LORFDWHGEHWZHHQFORVHSDFNHGOD\HUVRIR[\JHQ
DQLRQV >@ 'XULQJ HOHFWURFKHPLFDO FKDUJHGLVFKDUJH /L ions are 
GHLQWHUFDODWHGLQWHUFDODWHG DQGGLIIXVH WR WKH FRXQWHU HOHFWURGH WKURXJK D VHSDUDWRU ZKLOVW
HOHFWURQV DUH WUDQVSRUWHG WKURXJK DQ H[WHUQDO FLUFXLW WR SURYLGH WKH HOHFWULFDO SRZHU7KLV
SURFHVVLVUHYHUVLEOHVRHQHUJ\LVVWRUHGUHOHDVHGGXULQJWKHFKDUJHGLVFKDUJHSURFHVVHV7KH
FKDUJHGLVFKDUJHUHDFWLRQDWWKHSRVLWLYH/L&R2HOHFWURGHLVVKRZQEHORZ 
 
/L&R2l Lix&R2 [/L  [H       (1) 
      
 
 
 
2.4. Electrode and Separator Fabrication. 
 
The cathode materials for the in-situ electrochemical tests were prepared in three different 
ways. Firstly, Polyvinylidene fluoride (PVDF) binder was dissolved into 1-Methyl-2-
Pyrrolidinone (NMP) using a magnetic stirrer at 80 oC for 2 hr before the transfer of the 
LiCoO2 and carbon into NMP to form a slurry. The slurry was then printed onto an aluminium 
foil or a nickel mesh. Secondly, LiCoO2, carbon and PVDF were mixed using a mortar and 
pestle for 30 mins before pressing into a pellet using either a 10 mm diameter circular die or 
a 18 mm u 36 mm rectangular die. Finally, LiCoO2 and carbon were dissolved in isopropanol 
and ball-milled for 12 hr to achieve homogeneity before drying in a vacuum oven at 80 oC to 
evaporate the isopropanol. In all cases, the final drying stage was performed in a vacuum 
oven at 120 oC for 10 hr. $V/L&R2DGRSWVDUKRPERKHGUDOOD\HUHGFU\VWDOVWUXFWXUHWKHUH
LVWKHSRVVLELOLW\WKDWLWPLJKWVKRZSUHIHUUHGRULHQWDWLRQZKHQSUHVVHGLQWRWKHaPPWKLFN
VKHHWV+RZHYHU WKHUH LVQRHYLGHQFHIRU WKLV WHQGHQF\ LQ WKHQHXWURQSRZGHUGLIIUDFWLRQ
SDWWHUQVLHQRLQFUHDVHGLQWHQVLW\RIKNO%UDJJUHIOHFWLRQVZLWKDVWURQJOFRPSRQHQWThe 
separator foils were cut into 26 mm u 46 mm (PP, PTFE) and 20 mm u 40 mm (glass fibre) 
pieces. The lithium metal anode was handled inside a glove box, cut into pieces of 0.38 mm 
thickness and scratched to give a shiny surface.  
 
2.5. Electrolyte Preparation. 
 
(OHFWURO\WHSUHSDUDWLRQZDVFDUULHGRXWLQVLGHDJORYHER[LQRUGHUWRREWDLQDORZR[\JHQ
DQGZDWHUFRQWHQWZKLFKLVEHQHILFLDOWRSUHYHQWVLGHUHDFWLRQVGXULQJWKHRSHUDWLRQRIWKH
EDWWHULHV 7KH FHOO ZDV DVVHPEOHG LQ WKH JORYH ER[ DQG RQO\ UHPRYHG RQFH VHDOHG
Stoichiometric lithium hexafluorophosphate (LiPF6) and lithium bis(fluorosulfonyl) imide 
(LiFSI) were weighed with a balance before normal (hydrogeneous) or deuterated propylene 
carbonate (PC) / ethylene carbonate (EC) / dimethyl carbonate (DMC) / ethyl acetate (EA) 
were added with a syringe. The lithium salts and organic solvent were transferred into a 
plastic jar and mixed using a magnetic stirrer for 24 hr. A number of different electrolytes 
were prepared and tested. In the hydrogenous electrolyte case, these were 1M LiPF6 in PC, 
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1:2 (n/n) of LiFSI in EA and a commercial LP30 electrolyte of 1M LiPF6 in 50:50 (v/v) 
EC/DMC. Additional tests with deuterated electrolytes used 1:2 (n/n) of LiFSI and G($ 
 
2.6 Electrochemical tests. 
 
A large number of ex-situ tests were performed using different Li metals, separators, carbons, 
graphite and carbon black ratios and various quantities of active materials and the electrolytes 
mentioned above. In addition, the influence of the nickel mesh, PVDF and different cathode 
fabricating methods were tested in order to optimise the electrochemical performance of the 
in-situ cell. Electrochemical tests were conducted either using a versatile multichannel 
potentiostat (VMP, Perkin-Elmer, U.K.) or a Bio-Logic SP-240. The EC-Lab software was 
used to control and analyse the collected electrochemical data.  
 
3. Results and Discussion. 
 
3.1. Electrochemical results 
  
Ex-situ electrochemical tests of the cell showed that the best electrochemical performance 
was found with 1g of a mixture of LiCoO2, graphite and carbon black in the ratio 89:3:8, a 
Whatman GF/D glass fibre separator, a 0.38mm thick lithium metal anode and 1.5ml of 1M 
LiPF6 EC/ DMC electrolyte. The electrochemical performance of the cell was compared with 
that of a standard coin cell constructed using the same battery components, and results are 
shown in figure 3 a). The charge/discharge profile of the in-situ cell shows a slightly higher 
over potential both during charge and discharge, and its discharge capacity is lower compared 
to the one obtained by standard coin-cell assembly. This is expected because of the large 
amount of electrode material within the in-situ cell in the form of a pellet of mass ~1 gr. 
Maximizing the amount of active material in the cell is motivated by the need to improve the 
signal-to-noise ratio of the neutron diffraction patterns collected during preliminary ex-situ 
neutron tests. Hence, for in-situ measurements conducted at ISIS using a normal electrolyte, 
the cell was galvanostatically charged at C/20 with a cut-off voltage up to 4.8 V in order to 
 
 
observe the maximum number of phase transitions at the positive electrode while neutron 
diffraction patterns were collected every 10 min (corresponding to 0.00833 Li+ per dataset). 
 
In the case of measurements using deuterated electrolyte, there were no preliminary ex-situ 
tests due to the high cost of electrolyte components and these were only assembled for in-
situ experiments.  Figure 3 b) shows the charge profile of the cell recorded during in-situ 
measurement and, again, the profile corresponds to the one typically observed for LiCoO2 
during charge. ,QRUGHUWRFRPSHQVDWHIRUWKHVOLJKWO\ORZHUFRQGXFWLYLW\RIWKHGHXWHUDWHG
HOHFWURO\WHLH/L)6,LQG($FRPSDUHGWRWKHQRUPDORQHLH1M LiPF6 EC/ DMCWKHLQ
VLWXFHOOZDVFKDUJHGDWDVOLJKWO\ORZHU&UDWH&DQGZLWKDFXWRIIYROWDJHLQFUHDVHGWR
 9 7KH QHXWURQ GLIIUDFWLRQ SDWWHUQV ZHUH UHFRUGHG HYHU\  PLQ FRUUHVSRQGLQJ WR
/Lper dataset.  
 
7KHHIIHFWRIGHXWHUDWHGHOHFWURO\WH 
 
To demonstrate the effects of using a deuterated electrolyte, figure 4 shows neutron 
diffraction patterns of LiCoO2 contained within a standard cylindrical sample can and cells 
assembled with normal (hydrogenous) and deuterated electrolytes. It is clear that the use of 
deuterated electrolyte dramatically decreases the background, leading to a significant 
increase in the peak-to-background ratio. Indeed, the statistical quality of the neutron 
diffraction data from LiCoO2 collected from the in-situ cell with deuterated electrolyte is 
comparable to that collected from the sample in a vanadium can. Furthermore, due to the 
high symmetry of the crystal structure of nickel, Ni diffraction peaks arising from the 
casing/current collector do not occupy a significant portion of the powder diffraction pattern, 
so electrode materials with lower symmetry than LiCoO2 could potentially be investigated 
in-situ using the cell, with minimum peak overlap.  
 
)LJXUHFRPSDUHVWKHLQVLWXGLIIUDFWLRQGDWDFROOHFWHGIURPFHOOVDVVHPEOHGZLWKGHXWHUDWHG
HOHFWURO\WH DQG QRUPDO + HOHFWURO\WH IRU WKH VDPH FROOHFWLRQ WLPH LH  PLQ 7KH
VLJQLILFDQWO\ ORZHUEDFNJURXQG LQ WKHFDVHRI WKH IRUPHU LV FOHDU DQGHPSKDVLVHV WKDW LQ
SUDFWLFHWKHFKRLFHRIOLTXLGHOHFWURO\WHKDVWKHPDMRUUROHLQSURYLGLQJWKHEHVWSRVVLEOHGDWD
 
 
TXDOLW\7KHDGYDQWDJHLVPRVWFOHDUO\VHHQDWGVSDFLQJVEH\RQGDURXQGcZKHUHDQXPEHU
RIZHDNHU%UDJJ UHIOHFWLRQV DUHPRUH FOHDUO\ VHHQZKHQXVLQJ WKHGHXWHUDWHGHOHFWURO\WH
$OORZLQJIRUWKHGLIIHULQJTXDOLW\RIWKHWZRVHWVRIGLIIUDFWLRQGDWDDQGWKHVOLJKWGLIIHUHQFH
LQFKDUJLQJUDWHVXVHGWKHFKRLFHRIHOHFWURO\WHKDVQRVLJQLILFDQWLQIOXHQFHRQWKHVWUXFWXUDO
EHKDYLRXURIWKH/L[&R2GXULQJWKHLQVLWXFKDUJHSURFHVVDVREVHUYHGLQILJXUH 
 
%HIRUH FRPPHQWLQJ RQ WKH VWUXFWXUDO FKDQJHV REVHUYHG LQ /L[&R2 GXULQJ FKDUJH LW LV
LQVWUXFWLYH WR H[SORUH ZKDW LQIOXHQFH WKH ORZHU EDFNJURXQG REWDLQHG ZKHQ XVLQJ WKH
GHXWHUDWHGHOHFWURO\WHKDVRQWKHTXDOLW\RIVWUXFWXUDOLQIRUPDWLRQGHULYHGIURPWKHGLIIUDFWLRQ
GDWD7DEOHOLVWVWKHFU\VWDOVWUXFWXUHSDUDPHWHUVUHILQHGXVLQJWKHGLIIUDFWLRQGDWDFROOHFWHG
IURPWKHLQLWLDO/L&R2PDWHULDOLQWKHLQVLWXFHOODVVHPEOHGZLWKQRUPDO+DQGGHXWHUDWHG
'HOHFWURO\WHV$VERWKGDWDVHWVZHUHFROOHFWHGIRUFRPSDUDEOHOHQJWKVRIWLPHWKHUHILQHG
VWUXFWXUDOSDUDPHWHUVDQGWKHLUHVWLPDWHGVWDQGDUGGHYLDWLRQVHVGVPD\EHFRPSDUHGWKH
UHILQHGSDUDPHWHUVDUHHVVHQWLDOO\LGHQWLFDOZLWKLQHVGKRZHYHUWKHHVGVDUHFRQVLVWHQWO\
ORZHU IRU WKHGDWDFROOHFWHG IURP WKHFHOOXVLQJ WKH GHXWHUDWHGHOHFWURO\WH7KHVRPHZKDW
KLJKHUYDOXHVRIWKHJRRGQHVVRIILWSDUDPHWHUVȤ5ZSDQG5SLQWKHFDVHRIWKHGHXWHUDWHG
HOHFWURO\WHDUHODUJHO\DFRQVHTXHQFHRIWKHLPSURYHGTXDOLW\RIWKHGDWDKLJKHUVLJQDOWR
QRLVHUDWLR0RUHLPSRUWDQWO\YLVXDOLQVSHFWLRQRIWKHILWLQWKHGVSDFLQJUDQJHWRLV
VLJQLILFDQWO\LPSURYHGIRUWKHFHOODVVHPEOHGXVLQJGHXWHUDWHGHOHFWURO\WHZLWKUHVSHFWWRWKH
RQHDVVHPEOHGZLWKQRUPDOHOHFWURO\WHVHHILJXUH1RWLFHWKDWPDLQUHIOHFWLRQVRI/L&R2
DUHILWWHGLQWKLVGVSDFLQJUDQJHDQG7KHXVHRIGHXWHUDWHGHOHFWURO\WHLV
FOHDUO\ VKRZQ WREH DYDOXDEOH DSSURDFK IRU LQVLWXQHXWURQGLIIUDFWLRQH[SHULPHQWV ERWK
IURPWKHFRQVLVWHQF\RIWKHUHILQHGYDOXHVDQGWKHLPSURYHGDJUHHPHQWEHWZHHQWKHVWUXFWXUDO
PRGHODQGH[SHULPHQWDOGDWDDVVKRZQE\WKHGLIIHUHQFHFXUYH 
 
,QVLWXVWUXFWXUDOFKDQJHVRI/L&R2 
 
 
3UHYLRXVLQVLWXVWXGLHVRI/L&R2XVLQJFRPPHUFLDOEDWWHULHVE\6KDUPDHWDO>@VKRZHG
WKDWERWKIRUPVRI/L&R2WKHKH[DJRQDORQHDQGWKHVSLQHOOLNHSKDVH>@XQGHUJRD
VHULHVRISKDVHWUDQVLWLRQVGXULQJF\FOLQJDQGLWZDVSURSRVHGWKDWWKHJUDGXDOEXLOGXSRI
WKHVSLQHOW\SHSKDVHPLJKWEHDFRQWULEXWLQJ IDFWRU WR WKHREVHUYHGFDSDFLW\ IDGHZLWKLQ
 
 
/L[&R2 EDVHG EDWWHULHV 5RGULJXH] HW DO >@ GHWHUPLQHG WKH YDULDWLRQV LQ WKH ODWWLFH
SDUDPHWHUVRID/L&R2W\SHPDWHULDODVDIXQFWLRQRIFKDUJHVWDWHDOVRLQDFRPPHUFLDO/L
LRQFHOOZKLOVWFKDQJHVLQERWKWKHODWWLFHSDUDPHWHUVDQGOLWKLXPRFFXSDQFLHVZLWKUHSHDWHG
FHOOF\FOLQJZHUHVKRZQWREHFRUUHODWHGZLWKWKHGHJUDGDWLRQRIFHOOSHUIRUPDQFH>@ In 
the case of in-situ X-ray powder diffraction studies,5HLPHUVHWDO>@DQG0RUFUHWWHHWDO
>@VKRZHGWKDW/L[&R2XQGHUJRHVPXOWLSOHSKDVHWUDQVLWLRQVRQUHPRYDORI/L. Initially, 
DVLQJOHSKDVHPDWHULDOZLWKDUKRPERKHGUDOVWUXFWXUHQDPHG5LVREVHUYHGRYHUDVPDOO
UDQJHtxt0.93, followed by D WZRSKDVHPL[WXUHRISKDVHV5DQG5IRUtx
t0.73, where the R2 phase has a similar structure to R1, but differs in D DQG  F ODWWLFH
SDUDPHWHUV6LQJOHSKDVH5IRUPVRYHUWKHFRPSRVLWLRQUDQJHtxt0.55, followed by 
DWUDQVIRUPDWLRQLQWRDPRQRFOLQLFSKDVHQDPHG0ZKLFKLVVWDEOHIRUtxt0.45. 
7KH0SKDVHWKHQWUDQVIRUPVWRDQ5c phase for 0.45txt0.13 and, whilst the structure 
RIWKH5c phase is similar to that of R2, there is currently no detailed characterisation of the 
DWRPLFSRVLWLRQV 
 
)LJXUHVKRZVWKHSKDVHWUDQVLWLRQVREVHUYHGLQ/L[&R2XSWR[a0.XVLQJWKHLQVLWXFHOO
ILOOHGZLWKGHXWHUDWHGHOHFWURO\WH7KHVWUXFWXUDOFKDQJHVDWWKHFDWKRGHDUHFOHDUO\LGHQWLILHG
LQSDUWLFXODUWKHGVSDFLQJRIWKHSHDNLVVKLIWHGWRORZHUGVSDFLQJZKLOVWWKHGVSDFLQJ
RIWKHSHDNLVVKLIWHGWRKLJKHUGGXULQJFKDUJHRU/LGHLQWHUFDODWLRQIURP/L[&R2
WKHODVWLVQRWVKRZQVLQFHLWFRUUHVSRQGVWRDGVSDFLQJUDQJHPHDVXUHGXVLQJWKHORZDQJOH
GHWHFWRUEDQN7KH VKLIW LQ GVSDFLQJRI WKHVHSHDNV LQGLFDWH DQ LQFUHDVH LQ WKH ODWWLFH
SDUDPHWHUDDQGDGHFUHDVHLQODWWLFHSDUDPHWHUF:LWKLQWKHZLGHO\DFFHSWHGSLFWXUHRIIXOO\
RFFXSLHGKH[DJRQDOFORVHSDFNHG2 layers, these changes are UHODWHGWRWKHR[LGDWLRQRIWKH
&RVSHFLHVWR&RDQGWKHLQFUHDVHGUHSXOVLRQEHWZHHQDGMDFHQWDQLRQOD\HUVUHVSHFWLYHO\
LQDJUHHPHQWZLWKSUHYLRXVLQVLWX;5'ZRUN>@ 
 
2WKHUSKDVHWUDQVLWLRQVFDQEHPRQLWRUHGXVLQJWKHVLQJOHSHDNREVHUYHGDWcDW
[ 1ZKLFKFRUUHVSRQGVWR5LQILJXUHEXWDOVRLQILJXUHLQWKHIRUPRIDFRQWRXUPDS
RI WKH GLIIUDFWLRQ GDWD ZLWK WKH FRUUHVSRQGLQJ FKDQJHV LQ WKH FHOO YROWDJH DQG E ODWWLFH
SDUDPHWHU HYROXWLRQ RI /L[&R2 DV D IXQFWLRQ RI FKDUJH 'XULQJ FKDUJH WKH  SHDN
EHFRPHVEURDGHUDW[ 0.89DQGWKHQDVHFRQGSHDNDSSHDUVQH[WWRLWDWcWKDW
 
 
FRUUHVSRQGVWRWKH5SKDVHDQGLVLQGH[HGDVRQDKH[DJRQDOXQLWFHOO$W/L[&R2
ZLWK[a0.WUDQVIRUPDWLRQRIWKH5SKDVHWRWKH0SKDVHRFFXUV)LQDOO\DQHZSHDN
DSSHDUVDWacZKLFKFDQEHLQGH[HGDVXVLQJDKH[DJRQDOXQLWFHOOIRU5c, DQG
LQGLFDWHV WKHIRUPDWLRQRI WKH5c single phase >@7KHVHVWUXFWXUDOFKDQJHVDUHDOVR
VXSSRUWHGE\WKHHYROXWLRQRIDQGSHDNVZKLFKVKRZVLPLODUEHKDYLRXUWRWKDWRI
 
 
,QVXPPDU\DQXPEHURISKDVHFKDQJHVDUHYLVLEOHLQWKHGLIIUDFWLRQSDWWHUQZLWKWKHPDWHULDO
DGRSWLQJSXUHSKDVH5IRU[DPL[HGSKDVH5SOXV5IRU[D
VLQJOHSKDVH5UHJLRQIRU[DPL[WXUHRIWZRRUPRUHSKDVHVLQFOXGLQJWKH
PRQRFOLQLF0IURP[DQGILQDOO\WKH5
SKDVHIURP[ WR[ DW
ZKLFKSRLQWWKHFHOOUHDFKHGWKHFXWRIIYROWDJHRI97KLVVHTXHQFHRISKDVHFKDQJHVLV
FRQVLVWHQW ZLWK WKDW REVHUYHG SUHYLRXVO\ >@ WKRXJK ZLWK VOLJKWO\ ZLGHU SKDVH FR
H[LVWHQFHUDQJHVSUREDEO\GXHWR WKHUHODWLYHO\ORZFXUUHQWUDWHDSSOLHGWRWKHLQVLWXFHOO
GXULQJWKHLQVLWXH[SHULPHQW'LIIHUHQFHVLQWKHVWUXFWXUDOHYROXWLRQDVDIXQFWLRQRIDSSOLHG
FXUUHQW UDWH KDYH DOUHDG\ EHHQ REVHUYHG LQ OD\HUHG URFNVDOW PDWHULDOV >@ DV ZHOO DV LQ
/L)H32>@ 
 
4. Future work.  
 
The electrochemical and neutron powder diffraction data presented in this paper demonstrate 
that the charge/discharge behaviour of the in-situ cell closely mirrors that of commercial Li-
batteries, whilst allowing changes in crystalline phases of the cathode material to be studied 
in detail. Clearly, this study of the well-known LixCoO2 material illustrates that there is an 
opportunity to study new lithium-based cathode materials and, indeed candidate anode 
compounds. The modular nature of the in-situ electrochemical cell allows individual 
components to be easily exchanged, allowing studies to be performed with different cell 
geometries and different materials for the current collectors, etc. Indeed, the cell has been 
successfully used for in-situ neutron diffraction studies of nickel-metal-hydride cells [19,22] 
and to probe rechargeable alkaline iron electrodes [59]. Experiments using sodium based 
electrodes are planned for the future. 
 
 
 
)URPWKHWHFKQLTXHSRLQWRIYLHZDQDO\VLVRIWKH%UDJJVFDWWHULQJFRPSRQHQWRIDQHXWURQ
SRZGHUGLIIUDFWLRQSDWWHUQSURYLGHVDGHVFULSWLRQRIWKHFRQWHQWVRIWKHXQLWFHOODYHUDJHG
RYHU WLPHDQGDOO WKHXQLWFHOOV LQ WKHVDPSOH+RZHYHUZLWKLQ WKH ILHOGRIQHXWURQ DQG
LQGHHG;UD\SRZGHUGLIIUDFWLRQWKHUHLVFXUUHQWO\DPDMRUH[SDQVLRQRILQWHUHVWLQVRFDOOHG
µ3DLU'LVWULEXWLRQ)XQFWLRQ3')¶RUµWRWDOVFDWWHULQJ¶VWXGLHV7KLVDSSURDFKLQFOXGHVWKH
GLIIXVHVFDWWHULQJFRPSRQHQWREVHUYHGDVXQGXODWLRQVLQWKHEDFNJURXQGEHWZHHQWKH%UDJJ
SHDNV DQG FDQ SURYLGH LQIRUPDWLRQ RQ GHYLDWLRQV IURP WKH DYHUDJH VWUXFWXUH LH ORFDO
GHIHFWV+RZHYHU LQ WKHFDVHRI LQVLWX VWXGLHV DFFXUDWHGDWDFRUUHFWLRQVDUH UHTXLUHG WR
UHPRYHEDFNJURXQGFRQWULEXWLRQVDULVLQJ IURP WKH LQVWUXPHQWDQGFHOO DQG WRDFFRXQW IRU
DWWHQXDWLRQ RI WKH EHDP E\ WKH FHOO DQG WKH VDPSOH LWVHOI >@ :KLOVW WKH LQFUHDVHG
FRPSOH[LW\RIWKHH[SHULPHQWDOVHWXSKDVWRGDWHKDPSHUHGZLGHVSUHDGDSSOLFDWLRQRI3')
PHWKRGVZLWKLQWKHDUHDRILQVLWXVWXGLHVWKLVLVOLNHO\WREHDQDUHDRIGHYHORSPHQWLQWKH
IXWXUH 
 
5. Conclusions. 
 
7KHWHFKQLTXHRIQHXWURQSRZGHUGLIIUDFWLRQRIIHUVXQLTXHSRVVLELOLWLHVWRVWXG\WKHORFDWLRQV
RIOLJKWVSHFLHVVXFKDV+/LDQG2ZLWKLQPDWHULDOVFRQWDLQLQJKHDYLHUHOHPHQWVDQGDVD
FRQVHTXHQFH SURYLGH LQIRUPDWLRQ FHQWUDO WR RXU XQGHUVWDQGLQJ RI WKH SHUIRUPDQFH RI
WHFKQRORJLFDOO\UHOHYDQWEDWWHU\PDWHULDOV$VDFRQWULEXWLRQWRWKDWILHOGWKLVSDSHUGHVFULEHV
DQHOHFWURFKHPLFDOFHOOZLWKDFRLQFHOOJHRPHWU\WKDWKDVEHHQVXFFHVVIXOO\WHVWHGIRULQVLWX
QHXWURQ GLIIUDFWLRQ VWXGLHV RI OLWKLXPLRQ EDWWHU\ PDWHULDOV ,QLWLDO VWXGLHV VKRZHG FOHDU
VWUXFWXUDOHYROXWLRQRI/L&R2GXULQJFKDUJHLQDJUHHPHQWZLWKSUHYLRXVGLIIUDFWLRQVWXGLHV
6HYHUDOVWDJHVGXULQJ/LGHLQWHUFDODWLRQIURP/L&R2ZHUH LGHQWLILHGDQGFRUUHODWHGZLWK
HOHFWURFKHPLFDO GDWD 6LJQLILFDQW LPSURYHPHQWV LQ WKH SHDNWREDFNJURXQG UDWLR ZHUH
DFKLHYHGE\UHSODFLQJQRUPDOHOHFWURO\WHZLWKDGHXWHUDWHGDQDORJXHZKLFKLQWXUQDOORZHG
QHXWURQSRZGHUGLIIUDFWLRQGDWDRIJRRGVWDWLVWLFDOTXDOLW\WREHFROOHFWHGLQUHODWLYHO\VKRUW
FRXQWLQJ WLPHV %RWK IURP WKH FRQVLVWHQF\ RI WKH UHILQHG YDOXHV DQG WKH EHVW DJUHHPHQW
EHWZHHQ WKH VWUXFWXUDO PRGHO DQG H[SHULPHQWDO GDWD WKH XVH RI GHXWHUDWHG HOHFWURO\WH LV
VKRZQWREHDYDOXDEOHDSSURDFKWRLQVLWXQHXWURQGLIIUDFWLRQH[SHULPHQWV 
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